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Abstract. Atmospherically forced, high-frequency oceanic variability is

investigated using di�erent con�gurations of an ocean general circulation model. At

periods of 20 days and shorter, the dynamic response of the sea surface to pressure

loading exceeds that due to wind stress, and barotropic e�ects are much larger

than baroclinic e�ects. Energy at these short periods aliases into satellite altimeter

measurements of sea surface height (SSHT). The global variance of collinear (�10 day)

di�erences of this modelled aliased SSHT is between (2 cm)2 and (3:5 cm)2, depending

on the model con�guration used. The local variance can reach (14 cm)2 at some high

latitude locations. We use the ocean model predictions to remove the high-frequency

signals from Topex/Poseidon (T/P) observations, and obtain a global variance reduction

in collinear di�erences of up to (2 cm)2, about 7% of the T/P signal, depending on the

model and forcing con�guration. Our model has di�culty in predicting the variability

at very short periods (< 5 days).
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Introduction

Forcing of the ocean by wind stress and pressure loading occurs over a broad range

of frequencies. Analyses of ocean model output (e.g. Fukumori et al., [1998], Wahr et

al., [1998]) suggest there is signi�cant barotropic variability in the ocean at periods

of 2-3 weeks and shorter. These disturbances can alias into satellite observations of

the ocean because of the way a satellite ground track samples the earth's surface. The

TOPEX/Poseidon (T/P) altimeter (and Jason, scheduled for a 2000 launch) has a

ground track repeat period of 9.9156 days. Oceanic disturbances with periods shorter

than twice this will alias into the altimeter sea surface height (SSHT) maps. Similarly,

the GRACE gravity mission (a 2001 launch) will provide maps of sea oor pressure at

intervals of � 30 days. Disturbances in sea oor pressure at periods < 60 days will alias

into those maps.

The purpose of this paper is to quantify the amplitude and spatial and temporal

characteristics of this short-period oceanic signal, with emphasis on its possible aliasing

e�ects on altimeter observations of SSHT. We extend the above studies by isolating the

e�ects of wind and pressure (including both the barotropic and baroclinic components),

by looking at the e�ects of di�erent high-frequency �lter widths, and by assessing

model skill at these periods by removing the high-frequency model output from T/P

observations and computing the resulting variance reductions (see also Stammer et al.

[1999]).
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The ocean model

We use output from a free surface, primitive equation, global ocean general

circulation model (POP) [Dukowicz and Smith, 1994] con�gured on a grid with average

horizontal resolution of � 150 km, and with 32 vertical levels separated by 25 m near the

surface to 300 m in the deep ocean. We present results from two versions of the model:

a baroclinic version in which the ocean temperature and salinity are free to evolve, and

a barotropic version in which the temperature and salinity, and hence density, are held

�xed to globally uniform constants. Horizontal dissipation is provided by a Laplacian

form eddy viscosity with coe�cients that vary linearly with grid cell area, ranging

from 3 � 103 to 10 � 104m4
s
�1. Bottom friction is parameterized with a quadratic

bottom drag with a coe�cient of 1:225 � 10�3. Vertical viscosity is parameterized

following Pacanowski and Philander [1981] in the baroclinic cases and a constant value

of 10�4
m

2
s
�1 in the barotropic cases.

The model is driven by operational 6 hourly surface winds and/or atmospheric

pressure, generated by the European Centre for Medium-Range Weather Forecasts

(ECMWF). For the baroclinic experiments the surface heat ux is prescribed by the

linear bulk formulation of Barnier et al. [1995], and surface salinity is forced through a

Newtonian relaxation towards climatological monthly mean sea surface salinity [Levitus

et al., 1994]. Baroclinic experiments are initialized on Jan 1, 1986 with the equilibrium

solution of an integration using repeating annual cycle forcing, and the barotropic

experiments are initialized from rest on Jan. 1, 1995. In this study we use the model
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results for the 2-year period January, 1995, through December, 1996. When we refer to

"wind forcing" in the baroclinic experiments below, we mean the combined forcing from

winds and surface buoyancy uxes.

We will present results from several experiments: baroclinic runs forced by winds

alone (W BC) and by winds plus pressure loading (WP BC), and barotropic runs forced

by pressure loading alone (P BT) and by winds plus pressure loading (WP BT). The

inverted barometer (IB) response to pressure (see, e.g. Wunsch and Stammer [1997]) is

subtracted from the model output in the WP BC, WP BT, and P BT cases. Further

details on the model con�guration and these experiments may be found in Bryan et al.

[submitted].

Characteristics of the short-period signal

To summarize the frequency content of the model output, we �nd the power

spectrum of SSHT at every grid point and average those spectra over all grid points.

Figure 1 shows the results for both the W BC and P BT cases. Variability at frequencies Figure 1

larger than 0.05 cyc/day is aliased to lower frequencies by the T/P sampling. This

high-frequency variability includes a large fraction of the total signal, particularly for

the P BT case where the spectrum is reasonably at at periods between �3 and 50 days

and decreases at longer periods. The P BT spectrum is concentrated at short periods

because the long-period response to pressure tends to be nearly IB, a component already

removed from the data.

The W BC response is more energetic at long periods than at short periods, though
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it still contains considerable power at periods < 20 days. The trend of the power spectra

of W BC is similar to the results of Fukumori et al. [1998] who used a di�erent ocean

model and di�erent atmospheric forcing data.

The prominent diurnal and semi-diurnal peaks in Figure 1 are caused by forcing

from the thermally-driven atmospheric tides. As shown below, the ocean model

does not accurately reproduce the observed signals at these time scales. This is

partially a moot issue for the T/P aliasing problem, because diurnal and semi-diurnal

atmospherically-driven ocean tides have been empirically modeled and are routinely

removed from the altimeter data during processing (see, e.g., Eanes and Bettadpur,

[1996]). If output from an ocean circulation model is used to de-alias altimeter data,

and if the atmospherically-driven tides have already been empirically removed from the

altimeter data, then it is necessary to also remove the tidal terms from the ocean model

output. Otherwise, those terms would have been removed from the altimeter data twice.

Figure 2 shows the geographic distribution of the SSHT RMS, for the W BC Figure 2

(Figures 2a and 2b) and P BT (Figures 2c and 2d) cases with the diurnal and

semi-diurnal signals removed. For Figures 2a and 2c the model output has been

high-pass �ltered using a Hamming window of width 20 days (see, e.g., Jayne and

Tokmakian, [1997]). This �lter suppresses terms with periods longer than 20 days, so

that these results reect that portion of the signal that would be mistakenly aliased

into the � 10-day T/P and Jason altimeter results. Figures 2b and 2d are for the

low-pass �ltered data, using the same window. Note that the RMS of the long-period

pressure-driven signal is negligible on this scale, so that the total long-period response
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is dominated by the wind e�ect.

Figure 2 shows the short-period e�ects are largest in the Southern Ocean and

subpolar North Paci�c and North Atlantic. The global, areally averaged short-period

RMS is � 2.0 cm for the P BT case, and 1.5 cm for the W BC case. The areally-averaged

short-period RMS for the WP BC case (not shown) is � 2.6 cm.

The largest RMS values shown in Figures 2a and 2c occur in the Southern Ocean,

reaching � 9 cm for the P BT case and 5 cm for the W BC case. The magnitude (not

shown) of the short period pressure- plus wind-driven signals (i.e. WP BC) can be as

large as 10 cm at those locations.

How important are baroclinic e�ects in determining the short-period signal? To

address this we di�erenced the WP BC and WP BT cases. We used Hamming �lters

of varying widths to high-pass �lter these di�erence �elds. For each �lter width we

found the global RMS of the di�erence. Figure 3 shows the RMS for the WP BC and Figure 3

WP BT models for each �lter width, as well as the RMS of the �ltered di�erences

between WP BC and WP BT. The di�erences are small (< 0.6 cm) for periods less

than 100 days but grow signi�cantly at longer periods. The areally-averaged RMS

di�erence between the WP BC and WP BT models for a 20-day �lter width (the width

appropriate for T/P) is only 0.4 cm globally, although in certain energetic regions of the

Southern Ocean the RMS di�erence can be on the order of 1 cm.
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Implications for satellite altimetry

To assess the skill this model has in reproducing the short-period variability, we

sampled the 1995-1996 model output along the T/P ground track, and removed the

results from T/P collinear di�erences (consecutive tracks). We applied the usual T/P

corrections to the altimeter data (including tides and IB). We band-pass �ltered the

output from the WP BC, W BC, and P BT models between periods 0 to 20 (0-20) and

5 to 20 (5-20) days with a Hamming �lter. The diurnal and semi-diurnal terms were

removed from the model.

The results are summarized in Table 1, by providing the areally-averaged global Table 1

variance of these collinear di�erences. The magnitude of the correction (the Mdl column

in Table 1) in several cases is larger than the sea state bias (� (3 cm)2), the ionospheric

correction (� (3 cm)2), and the dry tropospheric correction (� (2 cm)2) [Zlotnicki,

1994]. Note that the variances for the model collinear di�erences shown in Table 1 are

about twice the RMS2 values given above for the short-period model �elds (as shown in

Figure 2). This is consistent with the fact that a collinear di�erence is the di�erence

between two SSHT values, spaced far enough apart in time that the two short-period

contributions are likely to be uncorrelated.

Removal of the model causes a variance reduction in almost all cases, implying

the model possesses skill in predicting the short period variability. But for each model

con�guration, removing the 5-20 day results leads to a greater variance reduction than

removing the 0-20 day results, even though the variance of the 5-20 day model results
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is smaller. In fact, the variance of the T/P residuals actually increases when the P BT,

0-20 day �ltered results are removed. Removing the high frequencies has less of an

impact on the W BC case, because the wind stress does not induce as strong a signal

at short periods as does the pressure (see Figure 1). We conclude that the model has

di�culty in predicting variability at periods < 5 days.

The largest improvement is obtained using the WP BC results �ltered between

5-20 days, where the global variance reduction is �7%. A comparison with the 5-20

day W BC case shows that most of the WP BC variance reduction comes from the

wind-driven response. This presumably reects the fact that the pressure-driven SSHT

is concentrated more at higher frequencies, where the model is less accurate, than is

the wind-driven response. The percent change in variance of the collinear di�erences

between successive cycles over this two year period is shown geographically in Figure 4 Figure 4

for the WP BC model band-pass �ltered between 5 and 20 days. The most dramatic

reduction in variance occurs at high latitudes, with reductions of up to 35% or more in

some high latitude regions in both the southern and northern hemispheres.

To see how the high-frequency signal aliases into T/P SSHT maps, we use our 0-20

day WP BC model output, sampled along the T/P ground track, to create a synthetic

T/P signal. We collect the synthetic data into 9.9156-day, 1� bins. Figure 5 shows Figure 5

results for cycle 88 (Feb, 1995). The aliasing appears as trackiness, which is a signature

similar to orbit error or improper modeling and removal of other fast e�ects on the

altimeter, such as atmospheric path corrections.
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Conclusions

Short-period oceanic SSHT can be large, (as shown, for example, by Fukumori et

al. [1998]), particularly in the Southern Ocean and at high northern latitudes. Our

model results suggest that RMS values at periods shorter than 20 days are on the order

of 2.5 cm averaged over the globe, and can be as large as 10 cm at some locations.

Contributions from the pressure-driven circulation tend to be larger than from the

wind-driven circulation. Baroclinic e�ects are small at these short periods, although

they can reach � 1 cm at certain Southern Ocean locations. The high-frequency signal

is aliased into analyses of T/P data due to the 9.9156-day altimeter sampling (unless

large-scale spatial averaging is involved), where it appears as trackiness: a signature

similar to orbit error or improper removal of other fast e�ects on the altimeter. The

magnitude of the signature is larger than several other corrections routinely applied to

T/P data. When we use output from an ocean general circulation model to remove

the high-frequency (5-20 day period) variability from T/P data, we obtain reductions

of up to 7% in the global variance computed from collinear di�erences, depending on

the model and forcing con�guration. The variance reduction tends to be smaller when

periods < 5 days are also included. The errors in the highest frequency (< 5 days)

components of the model may be due to numerical issues (damping from implicit time

steps [Dukowicz and Smith, 1994], treatment of bottom topography [Pacanowski and

Gnanadeskian, 1998]), inappropriate dissipation parameterizations, or errors in the

forcing data. Further study is necessary to resolve these issues before model predictions
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can be used to routinely correct satellite observations of SSHT.
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Figure 1. The power spectra at every grid point are averaged together to illustrate the

variability as a function of frequency, for both the W BC and P BT model output. The

diurnal and semi-diurnal amplitudes are marked with black and grey circles for the P BT

and W BC cases, respectively.

Figure 2. The RMS of the high-pass �ltered SSHT model output, for the W BC (a:

high-passed; b: low-passed), and P BT (c: high-passed; d: low-passed) models. The

low-passed P BT results are negligible at this scale.

Figure 3. The global RMS of the di�erence between the WP BC and WP BT (marked

with circles) model runs, and of the WP BC (marked with diamonds) and WP BT

(marked with plusses) models alone, as functions of �lter width.

Figure 4. The change in variance of T/P collinear di�erences, in percent, averaged over

2 years, after removing the WP BC model output �ltered between 5 and 20 days. Blue

shades imply a decrease in variance. The curve to the right of the map shows the zonally

averaged percent variance change vs. latitude.

Figure 5. The WP BC model output, �ltered between 5 and 20 days, sampled by the

T/P ground track for cycle 88 (Feb, 1995), and binned into 1� boxes. Note the trackiness

of this aliased short period signal.
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Table 1. Variance reduction in collinear

T/P di�erences after removing model output

from several di�erent model con�gurations

and time-�lter window widths. The table

includes the variance of uncorrected T/P data

(labelled Uncorr), of the corrected T/P-model

residuals (Corr), and of the model (Mdl),

all in cm2, as well as the ratio (var(T/P-

model)-var(T/P))/var(T/P), expressed as a

percentage (P.Red.). All results are global

areal averages. Window widths (0-20, 5-20)

are in days.


